The liver X-receptors (lxrs) act as cholesterol sensors and participate in the regulation of lipid and cholesterol metabolism. The objective of this study was to determine the role of lxr during development using the zebrafish model. By in situ hybridization we showed distinct expression of lxr in the brain and the retina in the developing and adult zebrafish. lxr ligand activation affected the expression of genes involved in lipid metabolism in zebrafish adult brain and eye as well as in zebrafish embryos. Morpholino knock down of lxr resulted in an overall impaired lipid deposition as determined by oil red O staining particularly in the head and around the eyes, and to significantly elevated levels of both total and free cholesterol in the yolk of lxr morphant embryos. The expression of genes involved in lipid and cholesterol metabolism was also changed in the lxr morphants. Furthermore, alcian blue staining revealed malformation of the pharyngeal skeleton in the lxr morphant. Our data show that lxr is an important component of the regulatory network governing the lipid homeostasis during zebrafish development, which in turn may support a role of lxr for normal development of the central nervous sytem, including the retina.
Introduction
The liver X-receptors (lxrs) are ligand-activated transcription factors belonging to the nuclear receptor superfamily conserved throughout evolution [1] . In mammals there are two lxr genes encoding the paralogues lxr and lxr. lxr and lxr have both overlapping and distinct expression patterns and regulate gene transcription by binding to lxr response elements in target genes. The lxrs have been identified as physiological receptors for oxidized cholesterol derivatives and are important regulators of cholesterol and lipid metabolic pathways [2] . Cholesterol is an essential component of all eukaryotic cells; excess cholesterol is associated with metabolic diseases, in particular atherosclerosis, and with various retinal disease conditions while cholesterol deficiency is associated with developmental abnormalities [3, 4] . Despite the clear link between the lxrs and cholesterol metabolism and biosynthesis, lxr-deficient mice are viable and no obvious metabolic phenotype is manifested until adult age unless the mice are challenged with western type of diets [5] . However, mice deficient of both lxr and lxr have abnormalities in the brain, including abberant accumulation of lipid droplets [6] . Moreover, at late stage of embryogenesis and in neonates lxr deficient mice show changes in the cerebral cortex [7] . In addition to their involvement in cholesterol metabolism, numerous data obtained in different experimental models demonstrate a role of lxrs in regulation of glucose metabolism [8] and fat storage [5] .
Zebrafish, due to its small size, rapid generation time and optical transparency, is a powerful model to study vertebrate development and has also emerged as an important model for studies on human physiology and pathologies, and for screening of pharmacologic molecules. Common pathways in zebrafish and mammalian adipocyte biology have been demonstrated and diet-induced obesity in zebrafish involves pathways associated with mammalian obesity [9] .
Evolutionary genomics of nuclear receptors and genome sequencing suggest the presence of only one lxr gene in non-mammalian species like zebrafish and chicken [10] [11] [12] . We have recently cloned the zebrafish cDNA coding for lxr and characterized its spatiotemporal expression pattern; its sequence is more homologues to mammalian lxr than lxr while its expression pattern more resembles the profile of mammalian lxr [10] . Moreover, zebrafish lxr is activated by the same ligands as mammalian lxrs and regulates genes in metabolic pathways in the adult zebrafish liver similarly to lxr regulatory effects in mammals. Here we have addressed the expression pattern of lxr in the brain and eye and the effects of lxr knock down on lipid homeostasis during zebrafish development.
Materials and Methods

Zebrafish Husbandary
All experiments were in accordance with the national guidelines for animal experiments and were approved by the Stockholm South Ethical Committee of the Swedish Animal Welfare Agency. Adult wild type zebrafish (Danio rerio) were kept under standardized conditions at 28.5˚C with a 14 h:10 h light: dark cycle. Embryos were obtained by natural mating and staged as described [13] . Embryos older than 24 h post fertilization (hpf) were treated with N-phenylthiourea (PTU), 0.003% (w/v), to avoid pigmentation. Wild-type adult male fish were exposed to 4 M of the synthetic lxr agonist GW3965 (Sigma-Aldrich) or to DMSO for 18 h. The animals were anesthetized with tricain (0.2 g/l) (Sigma-Aldrich), killed by decapitation and the organs were immediately dissected.
In Situ Hybridization
Antisense and sense probes for lxr, were used for whole mount in situ hybridization on zebrafish embryos as previously described [10] . Eyes and brain of adult fish were rinsed in phosphate buffered saline (PBS), fixed in 4% paraformaldehyde (PFA) overnight at 4˚C, followed by dehydration in methanol and clearing in xylene. The tissues were embedded in paraffin, cut in 7 μm transverse sections and mounted on polylysine glass slides (SigmaAldrich). Sections were dried, de-paraffinized and rehydrated in ethanol. Tissues were digested with proteinase K (10 mg/mL) for 7 min and quickly rinsed with glycine (2 mg/mL) in PBS-0.1% Tween (PBSTw), followed by fixation in 4% PFA for 5 min and then rinsed in PBSTw. Hybridization was at 55˚C overnight. The slides were blocked in 5% -10% sheep serum in PBSTw, incubated with anti-Digoxigenin-AP, Fab fragments (Roche) for 2 h at room temperature, washed with PBSTw and developed with NBT/BCIP in alkaline (pH 9.5) staining buffer with 1 mM Levamisol (Sigma-Aldrich).
Morpholino Knock Down and Ligand Exposure
The antisense morpholino targeting the exon-intron junction of lxr gene (Mo lxr) and its corresponding 5-bp mismatch anti-sense morpholino (control) were obtained from Gene-Tools, LLC: Mo lxr, 5'-GATGCTTGAG-GAGAGTGTGACTCAC-3 and control, 5'-GATGGTT-CAGGACAGTCTGACTGAC-3'. Morpholino oligonucleotides targeting the p53 gene were also used [14] . Wild-type embryos were injected at one cell stage and morphants from multiple clutches were analyzed. The efficiency of the morpholino was verified by PCR using the forward primer 5'-GGGACTCTCTGGGCTGTG-3' and the reverse primer 5'-AGTGACTTTGGGCCGATC-3'. The control rescue injection experiment was performed using capped lxr mRNA transcribed using mMessage Machine kit (Ambion) and co-injected with the Mo lxr. For ligand treatment experiment, embryos at 1 -2 cell stage were exposed to 2 µM of GW3965 or to DMSO, fresh ligand solution was added every 24 h and embryos were treated for 2 days and collected.
Acridine Orange Staining and Alcian Blue Staining
Apoptotic cell death was detected by incubating live zebrafish embryos with 10 g/ml acridine orange (SigmaAldrich) in fish water in the dark for 30 min [15] . Larvae were washed with fish water and analyzed under fluorescence microscope. The acid-free cartilage alcian blue staining, was performed according to Walker et al. [16] .
Oil Red O Staining and Lipid Measurements
Neutral lipids were stained with Oil Red O (Sigma-Aldrich); larvae were fixed in 4% PFA overnight at 4˚C, washed in PBS, preincubated in 60% 2-propanol for 30 min and stained in freshly filtered 0.3% Oil Red O in 60% 2-propanol for 3 h [17] . At 48 hpf, embryo body and yolk content were separated. Total and free cholesterol were measured as previously described [18] .
RNA Isolation, cDNA Synthesis and Quantitative PCR
Total RNA extraction, cDNA synthesis and qPCR conditions were as previously described [10] .
the developing and adult zebrafish; the brain and the eye showed relatively high expression levels and lxr was detected in the entire brain from 24 hpf by whole mount in situ hybridization (WISH). However, any further characterization of the expression pattern of lxr in the eye and brain was not carried out [10] . The spatial expression profile of lxr in the developing retina was characterized by WISH. Expression of lxr was detected in the entire neural retina and especially in the lens at 36 hpf of development (Figure 1(A) ). At 72 hpf lxr expression was confined to the retinal ganglion cell (RGC) and the retinal pigmental epithelium (RPE) layers (Figure 1(B) ) in which the expression was maintained at 96 hpf (Figure 1(C) ). In the retina of adult fish in situ hybridization on tissue sections was performed. Expression of lxr was detected in RGC layer, inner nuclear layer (INL) and photoreceptor layer (PRCL) (Figure 1(D) ).
The expression of lxr in the brain of adult fish was analyzed by in situ hybridization on tissue sections (Figures 1 
(E)-(H)).
The expression of lxr in the adult forebrain was scattered throughout the whole telencephalon (Figure 1(F) ). In the mesencephalon, the periventricular grey zone (PGZ) of the optic tectum and the central grey zone (GC) showed staining with the lxr probe ( Figure  1(G) ). Staining was also detected in the caudal cerebellum (CCe) and in the mamillary body (CM) of the inferior hypothalamic lobes (Figure 1(G) ). In the rhombencephalon, lxr was detected in the caudal cerebellar lobe (LCa) and in ventral side of the rhombencephalic ventricle (RV) (Figures 1(G) and (H) ). Thus, there is a profound expression of lxr in the brain and the eye/retina during zebrafish development and at the adult stage.
GW3965 Treatment Affects the Expression of Genes Involved in Lipid Metabolism in Adult Brain and Eye as Well as in Developing Embryo in Zebrafish
In a previous study, we showed that the zebrafish lxr is activated by the natural lxr ligand 22-R-hydroxycholesterol as well as by the synthetic lxr ligands GW3965 and T0901317 [10] . In the current study, we have chosen to use the selective and potent lxr agonist GW3965. In adult fish treated with GW3965, the expression of abca1, abcg1, scd1 and apoe in the lipid pathway was markedly up-regulated in both brain and eye whereas apoa1 and srb1 expression was not affected (Table 1) . Moreover, a negative feedback regulation of lxr expression in the adult zebrafish eye was observed. Thus, lxr in zebrafish is likely to be involved in the regulation of whole body lipid homeostasis including the eye and brain. In zebrafish embryos exposed to 2 µM of GW3965 from fertilization to 48 hpf, the mRNA levels of abca1, abcg1 and scd1 genes, were markedly increased when compared to control embryos ( Table 2 ). The cyp11a1 and cyp46a1 genes are involved in cholesterol metabolism; cyp11a1 catalyzes the first step of the steroid hormone biosynthesis [19] and cyp46a1 is brain specific and converts cholesterol into 24S-hydroxycholesterol, which, in contrast to cholesterol, can exit the brain through the blood-brain barrier [20] . GW3965 treatment had no ef-fect on the expression of cyp46a1 and cyp11a1 or on the expression of apoa1, apoe, mtp and srb1.
Lxr Knock Down Alters the Lipid Distribution and Homeostasis in Zebrafish Embryos during Development
To further investigate the role of lxr for lipid homeostasis during zebrafish development, we used morpholino antisense oligonucleotides directed against the splice donor site in exon 5 of the lxr gene (Mo lxr), which encodes the DNA binding domain of the receptor (Figure 2(A) ). As revealed by PCR, injection of increasing concentrations of the Mo lxr, 10 -100 µM, dose-dependently changed the splicing of the lxr transcript (Figure 2(A) ); 25 to 50 µM were used in subsequent experiments. Cell death is a natural process occurring during development, however, the generally reduced size of the head and eyes and the opacity of these structures in the lxr morphants (Figures  2(B) and (C) ) led us to analyze cell apoptosis by acridine orange staining [15] . At 26 hpf the fluorescence signal was particularly high in the midbrain, hindbrain and eye of the lxr morphants (Figures 2(E) and (F) ). A high cell death rate and small eyes and brain are frequently associated with non-specific effects of morpholinos on the p53 pathway [14] and by co-injection of Mo p53 the cell death rate in Mo lxr embryos was partially decreased (Figures 2(D) and (G) ) suggesting non-specific effects also of the Mo lxr, however, the head and the eyes were still smaller than in the control embryos. The p21 gene is tightly controlled by p53 [14] and served as a control in these experiments (Figure 2(N) ).
To determine whether the lipid homeostasis was perturbed in lxr morphants, we performed staining of neutral lipids with oil Red O (ORO). The staining revealed a dramatic decrease of lipid deposit in the entire body in 95% of the lxr morphants, in particular in the head and around the eyes at 24 hpf (Figures 2(H) and (I) ). Similar results were observed at 48 hpf (data not shown). The vasculature appeared normally formed in the lxr morphants as revealed by similar expression of the fli1: EGFP transgene in the trunk of control and morphants, demonstrating that the decrease of lipid deposit in the morphants was not due to failure in angiogenesis (Supplementary data). The lipid distribution between the embryo body and the yolk was further investigated by measuring the content of cholesterol in the two compartments at 48 hpf (Figure 2(O) ); a significant increase of both total and free cholesterol was observed in the yolk of lxr morphants compared to the control. Next we analyzed the relative mRNA levels of genes in lipid metabolic pathways in the Mo lxr and control embryos at 48 hpf ( Table 2 ). The abca1 and abcg1 genes were significantly downregulated in the lxr morphants; the cyp46a1 and cyp11a1 genes were upregulated whereas the apoa1, apoe, scd and srb1 genes were not significantly affected. The effects of Mo lxr on lipid deposition and expression of genes in the lipid pathway were not modified by co-injection of the Mo p53 (Figure 2(J) and Table 2 ) indicating specific effects of the Mo lxr on the lipid pathway.
To further verify the specificity of the Mo lxr effect on lipid homeostasis, we exposed lxr morphants to GW3965 (Figure 3(A) ); the GW3965-induced expression of abca1 and abcg1 was attenuated in Mo lxr injected embryos compared to control embryos. Moreover, after coinjection of lxr mRNA with Mo lxr, we observed an improvement of the ORO staining in a dose-dependent manner in embryos at 72 hpf and the expression of abca1 was significantly rescued (Figure 3(B) ). Given the connection between general metabolism and bone development we performed alcian blue staining to visualize the pharyngeal skeleton (Figures 2(K)-(M) ). The severity of the jaw cartilage malformations in the lxr morphant larvae varied somewhat but consistently, the Meckel's cartilage was abnormally shaped with a more circular structure, also the ceratohyal arch was miscurved and misprojected (Figure 2(L) ). Head cartilage malformations were observed also when Mo p53 was co-injected with Mo lxr (Figure 2(M) ), this applied in particular to the ceratohyal arch.
Discussion
Lxr promotes cellular cholesterol efflux and activates fatty acid synthesis [21, 22] . We and others have previously shown that zebrafish lxr responds to lxr ligands and regulates the expression of genes in lipid metabolic pathways in the zebrafish liver [10, 23] . The observed lxr morphant phenotype with markedly reduced yolk utilization, impaired lipid disposition in the entire body and reduced expression of lipid metabolic genes confirm an evolutionarily conserved role of lxr in lipid homeostasis from teleosts to mammalian species. Zebrafish embryos and larvae with the nutrient supply coming solely from the yolk represent a closed nutritional system compared to mammals. Neutral lipids from the yolk can be stored as deposits in the larval body and then released during development when required [24, 25] . Ultrastructural evidence for very low density lipoprotein (VLDL) synthesis in the vitelline syncytium implies packaging of complex lipids for delivery to developing tissues in the rainbow trout [26] . In mammals, it has been suggested that a process of VLDL-like particle formation and secretion to the fetus could occur both from the yolk sac and the placenta [27, 28] . Furthermore, the production of large VLDL particles in the liver is stimulated by lxr activation [29] . Thus, lxr-dependent production and/or secretion of VLDL-like particles from the yolk to the developing zebrafish embryo can be inferred. Moreover, the lipid transporters ABCA1 and ABCG1 appear to be involved in the delivery of cholesterol from the placenta to the fetal circulation in the human [30] . In the lxr morphants the overall lipid disposition was severely affected as shown by ORO staining, and abca1 and abcg1 expression was dramatically decreased. The abca1 gene appears to be a prominent target gene in the zebrafish that was also markedly induced by lxr-ligand activation. Our results suggest that the impaired lipid distribution observed in the lxr morphants could be linked to the down regulation of key lipid transporters such as Abca1 and Abcg1. All together, accumulating data suggest a major role of lxr in the regulation of lipid transport to the developing embryo, from the yolk in oviparous animals or via the placenta in mammals.
We observed significantly higher levels of both total and free cholesterol in the yolk of lxr morphants compared to the control, which could indicate a deficiency in the developing embryo. A number of genetic defects affecting specific steps in cholesterol synthesis, handling or storage are known to lie behind cartilage and skeletal malformations. For example, cholesterol deficiency in the inherited Smith-Lemli-Opitz syndrome, is caused by mutation in the 7-dehydrocholesterol reductase gene, which leads to dysmorphic craniofacial features and brain defects [3, 4] . Indeed, lxr has been shown to regulate cholesterol homeostasis in the central nervous system (CNS) [31] . It has been described that lxr knock out mice at late stage of embryogenesis have a smaller brain with a reduction of neurons in the superficial cortical layer [7] and that in lxr deficient mice there is an unbalance between neurons and astrocytes in the ventral midbrain [32] . Moreover, a recent study on the huntingtin protein, a nuclear protein that binds to a number of transcription factors, shows that this protein regulates lxr-mediated gene transcription and the huntingtin morpholino knock down zebrafish shows reduced expression of abcg1 [33] . The cartilage phenotype in the huntingtin morphant was shown to be partially rescued by lxr agonist treatment. Using whole-mount alcian blue staining, we observed a very high frequency of craniofacial cartilage defects in the lxr morphants similar to those described for the huntingtin morpholino knock down zebrafish. Consequently, it is plausible that deficiency of specific lipids [17, 34] , e.g. cholesterol, contributed to the cartilage phenotype of the lxr morphant.
The morpholino knock down technology is a very powerful tool that has allowed important steps for the comprehension of gene function during vertebrate development. However, there are general disadvantages associated with this technology including unspecific effects and problems with efficiency of rescuing. High levels of cell death and developmental delay are frequently reported upon injection of morpholinos. The time of onset of translation may be very important for developmental genes and the co-injection at early stage of development of mRNA and morpholino to rescue the morpholino effect may affect developmental processes and/ or reduce the efficiency of the rescue. In this study, we observed an impaired lipid metabolism and high level of cell death. While the high level of cell death was significantly suppressed when co-injecting Mo p53, the lipid metabolism impairment was not affected indicating that the lipid phenotype constitutes a specific effect. The incomplete rescue of the lipid phenotype following coinjection of lxr mRNA could possibly be due to lack of accuracy in targeting the appropriate time point and geographic area for lxr expression during zebrafish development. However, given the involvement of lxr in cholesterol and lipid metabolism/traffic and the crucial role of lipid supply from the yolk for the zebrafish embryo development this phenotype was expected in the lxr morphant. To take full advantage of the zebrafish model in exploring the role of lxr in development the use of additional techniques to modulate lxr expression in zebrafish such as ENU mutant [35] or zinc-finger knock out [36] models is required.
Taken together, our results show that the zebrafish lxr is an important component of the regulatory network governing the lipid metabolism pathway during zebrafish development. This is concordant with the importance of lipids in general and cholesterol in particular for the formation and maintenance of the nervous system. Possibly, the zebrafish model is more susceptible than the mouse model to impairment of lipid metabolism and could be useful to highlight new aspects of the role of lxr for the development and functioning of the eye and the brain.
